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We have studied the local properties of single Pt atoms adsorbed on hydroxylated TiO2(110)-(1 × 1) by
combining noncontact atomic force microscopy (nc-AFM) and first-principles calculations. Room-temperature
high-resolution nc-AFM images for the most frequently observed contrast modes reveal bright and elongated
protrusions that can be traced back to the Pt atoms, and that are centered on the fivefold coordinated titanium
rows, confined between two bridging oxygen rows. These observations are in line with the theoretical results, as
the lowest energy sites for the Pt atom on the TiO2(110) surface are in the neighborhood of the titanium rows,
and high energy barriers have to be overcome to displace the Pt atom over the bridging oxygen rows. Single Pt
atoms can be distinguished from H adsorbates (OH defects) due to their characteristic shape and binding site
and, because they appear as the brightest surface features in all of the contrast modes. Force spectroscopy data
over the protrusion and hole imaging modes and the corresponding tip-sample forces, simulated with O and OH
terminated TiO2 nanoclusters, provide an explanation for this puzzling result in terms of the intrinsic strength of
the interaction with the Pt adatom and the adatom and tip apex relaxations induced by the tip-sample interaction.
These imaging mechanisms can be extended to other electropositive metal dopants and support the use of nc-AFM
not only to characterize their adsorption structure but also to directly probe their chemical reactivity.
DOI: 10.1103/PhysRevB.91.075401 PACS number(s): 68.47.Gh, 68.37.Ps, 07.05.Tp
I. INTRODUCTION
Pt/TiO2 materials are among the most important indus-
trial heterogeneous catalysts, with applications including the
photochemical splitting of water [1] and the photocatalytic
conversion of CO2 and water to hydrocarbon fuels [2]. In all of
these systems, Pt nanostructures play a key role as a cocatalyst.
Many studies have concentrated on the development of growth
methods to achieve highly active Pt catalysts within a size
range of a few nanometers [3,4]. The driving force for this
research effort has been the fact that the catalytic activity
of these nanostructures for different chemical processes,
including the ones mentioned above and others like CO
oxidation reactions, dramatically increases with a reduction
of the size of the supported metal nanoparticles. Recent
experiments [5] have confirmed that this trend extends into
the subnanometer scale.
The reactivity of these small Pt structures is controlled
by quantum size effects caused by the small number of
atoms composing the metal particles. Understanding the basic
catalytic mechanisms and improving their performance has
driven an important research effort into model systems, like Pt
individual atoms and nanoparticles on the rutile TiO2(110)-
(1 × 1) surface, that can be studied with powerful surface
science techniques and characterized at the atomic scale.
Scanning tunneling microscopy (STM) has been the tool
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of choice to gather information on the structure, adsorption
configuration, and electronic properties of individual Pt atoms
and small metal clusters deposited on TiO2(110) [6,7]. Re-
cently, direct atomic-resolution images of individual Pt atoms
adsorbed on TiO2 (110) surfaces using aberration-corrected
scanning transmission electron microscopy have been reported
[8]. The subangstrom spatial resolution achieved in this work,
together with density functional theory (DFT) calculations,
has revealed the interaction of Pt atoms with a class of surface
defects, vacancies of basal threefold coordinated oxygen atoms
that are located in the same plane as the Ti atoms, that have
not been identified in previous STM studies [9]. This study
concludes that the most favorable Pt adsorption site is not on
the oxygen vacancy on the top bridging oxygen rows predicted
by previous DFT studies [10–12], but on these new vacancy
sites.
Recent progress in frequency modulation atomic force
microscopy (FM-AFM) [13], commonly known as noncontact
AFM (nc-AFM), has shaped it into a powerful alternative
tool to image and characterize the Pt/TiO2(110) system.
nc-AFM has contributed significantly to the atomic-scale
understanding of metal oxide surfaces including their defects
and adsorbates [14–17]. At variance with other oxides, TiO2
displays qualitatively different nc-AFM contrasts depending
on the chemical composition and structure of the tip apex
used to imagine it [18–23]. These different imaging modes
can be identified by the location of the most common surface
defects, oxygen vacancies, and hydroxyl (OH) groups and their
associated contrast. Two types of contrasts, the protrusion
and the hole imaging modes, are the most frequent. The
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FIG. 1. (Color online) Ball-and-stick structure of the hydroxy-
lated TiO2(110) surface, highlighting the important Ob, Ti5f , and
Oin sites and the common hydroxyl (OH) defects. O (Ti) atoms are
displayed as red (gray) balls; H atoms as white.
protrusion mode is characterized by alternating rows of bright
fivefold coordinated titanium (Ti5f ) atoms and dark twofold
coordinated bridging oxygen (Ob) atoms imaged as bright and
dark, respectively. OH defects, sitting on the Ob rows, show
up as small bright protrusions [see Fig. 2(a)]. A ball-and-stick
representation of the surface structure with indication of the
different atomic sites (Ob, Ti5f ) and OH defects is depicted in
Fig. 1. The contrast in the hole imaging mode is the reversal
of the previous one: Ob rows look bright; Ti5f rows and OH
surface defects look dark. Apart from the frequent protrusion
and hole modes, a third kind of contrast, the neutral mode, has
also been reported [18]. A neutral mode image differs from a
hole mode one on the contrast of the OH defects that are imaged
as brighter protrusions on the bright Ob rows, so the nc-AFM
topography is close to the real topography of the surface. These
different contrasts have been explained by assuming that the
tip-sample interactions are mainly electrostatic and controlled
by the charge distribution at the tip apex: a negatively charged
tip for the protrusion mode and a positively terminated tip for
the hole contrast. The fact that electropositive ions like the
Ti5f and the OH defects are imaged bright in the protrusion
mode may suggest that electropositive adsorbates as Pt would
be difficult to distinguish from these chemical species on the
surface.
In this work, we have combined nc-AFM imaging and
force spectroscopy at room temperature (RT) with ab initio
DFT simulations to study individual Pt atoms adsorbed on
the hydroxylated rutile TiO2 (110) surface [h-TiO2(110)]. Pt
atoms can be identified as the brightest protrusions in all the
different contrast modes. Their elongated shape is consistent
with the calculated potential energy surface that shows that Pt
atoms are confined by the bridging oxygen rows but are quite
mobile parallel to them. Force spectroscopy results for the
protrusion and hole imaging mode can be explained in terms
of the same O- and OH-terminated tips proposed in our recent
study of the bare TiO2(110) surface [23]. The calculations
help us to identify the contrast mechanisms for the different
imaging modes, discuss the crucial role of the adatom and
tip apex relaxations, and explain why we can differentiate
electropositive species as Pt adatoms from the OH groups.
The rest of the paper is organized as follows. In Sec. II A we
briefly discuss the experimental setup and conditions, while
in Sec. II B we specify the computational details. We will
present our main results and discuss them in Sec. III, treating
separately the nc-AFM images (Sec. III A) and the tip-sample
force curves (Sec. III B). Finally, we will end by highlighting
the main conclusions in Sec. IV.
II. METHODS
A. Experiment
Experiments were carried out using a homebuilt ultrahigh
vacuum (UHV) nc-AFM operated at RT with a base pressure
of at least 5 × 10−11 Torr. The microscope was operated
using the frequency modulation detection mode, keeping the
cantilever oscillation amplitude constant [24]. Conductive Si
cantilevers were cleaned via Ar+ ion sputtering to remove the
native oxide layer and other contaminants prior to imaging
and characterizations. A rutile TiO2(110) substrate (Shinko-
sha) was prepared by repeated cycles of Ar+ ion sputtering
(2 keV, 3 × 10−6 Torr) for about 6 min at RT followed
by annealing at approximately 1000 K for about 10 min.
When the substrate was cooled down to RT after the final
annealing process, Pt atoms were evaporated by resistively
heating a Ta wire coiled up with high purity Pt (99.995%).
Prior to deposition, the source was outgassed in UHV at
high temperatures, and the typical Pt adsorption condition was
adjusted to a heating current of ∼7.6 A and adsorption time
of at least ∼2 min. The sample was then transferred into
an observation chamber and scanned with a freshly prepared
conductive Si cantilever. The OH defects on TiO2(110) surface
were spontaneously created from the dissociation of water
molecules (from residual background water in UHV chamber)
over the oxygen vacancy sites by transferring H atom to a
neighboring Ob site. It is well known that the transformation
from a freshly prepared surface (reduced TiO2) to a fully
hydroxylated one occurs within 2–3 h. By keeping the freshly
prepared surface in UHV for several hours, all of the oxygen
vacancies are occupied by OHs. It has been known that the
morphology of Pt atoms is very sensitive to the hydroxylation
state of an oxide surface [25]. Therefore, the oxidation state of
the bare TiO2(110) surface was carefully investigated before
exposing to a Pt atom evaporation source. Force spectroscopy
measurements were carried out by recording the frequency
shift (f ) with respect to the resonant frequency (f0) as a
function of the tip-sample distance (z). These f (z) curves
were then converted to force-distance curves using the method
described in Ref. [26]. Then, the short-range interaction
forces were obtained by subtracting the long-range forces
from the total forces. Detailed information related to force
spectroscopy measurement and the method for the extraction
of the long-range forces from total forces can be found in
Ref. [23]. The bias voltage (V s) applied to the sample surface,
with the tip held at ground potential, was adjusted to minimize
the long-range electrostatic forces. A sample bias in the range
of 0.4–2 V was applied in the course of our experiments.
B. Computational details
All calculations have been performed at the DFT level
using the Perdew-Burke-Ernzernhof (PBE) [27] exchange-
correlation functional as implemented in VASP 5.2.12 [28],
combined with the projector-augmented-wave method and a
plane-wave cutoff of 400 eV. Previous theoretical works found
that spin polarization is negligible in the Pt/TiO2(110) system
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[10,11], and we have confirmed it in our preliminary tests. To
study the adsorption of single Pt atoms on TiO2(110)-(1 × 1),
we started by building a 2 × 1 (5.9 ˚A × 6.6 ˚A) supercell and
sampling the Brillouin zone with a 2 × 2 Monkhorst-Pack
k-point mesh. For this system, we tested the convergence of
the relative energies between different Pt adsorption sites as a
function of slab thickness, finding that an asymmetric slab of
four trilayers, with the two lowermost trilayers fixed to their
bulk positions, was well converged compared to thicknesses
of up to seven trilayers. To simulate the conditions of the
nc-AFM experiments, we have considered a significantly
larger 4 × 2 supercell (11.9 ˚A × 13.2 ˚A) in order to minimize
the lateral interactions between the periodic images of our
model tips. In these calculations we have reduced the Brillouin
zone sampling to only the  point. The lattice parameter
perpendicular to the surface was chosen so that a vacuum of
at least 7 ˚A is left between the upper part of the model tip and
the lower part of the slab for the largest tip-sample distance
considered. To calculate the tip-sample forces we approach our
tip models to the surface in a quasistatic way, in small steps of
0.25 ˚A, and for each step we relax the atoms at the bottom of the
tip and at the top of the surface until the forces are smaller than
0.02 eV/ ˚A. The tips used to evaluate the protrusion and hole
mode forces on the Pt/TiO2(110) system are small (TiO2)5
clusters oriented to expose a singly coordinated O and OH
directly pointing to the surface. Such kind of terminations
are likely as, during the experiments, tip crashes with the
surface are frequent, and an exchange of material between
tip and sample is expected. In a previous study [23], we have
shown how these two models are capable of reproducing and
explaining the force spectroscopy results for the protrusion
and hole imaging modes on the h-TiO2(110) surface. As it
also happened in h-TiO2(110) [23], the relaxations of the tip
are crucial to reproduce the forces at short tip-sample distances
and to understand why Pt atoms appear as the brighter features
in all of the different contrast modes.
III. RESULTS AND DISCUSSION
A. Noncontact AFM images
As discussed in the Introduction, a rich variety of image
contrasts has been observed in previous nc-AFM studies of
the rutile TiO2(110) surface [18–23]. Figures 2(a)–2(c) show
three typical nc-AFM images recorded in our laboratory for the
most frequently observed contrasts of the h-TiO2(110) surface:
protrusion [Fig. 2(a)], hole [Fig. 2(b)], and neutral mode
[Fig. 2(c)]. The different appearances of the surface OH defects
are marked by black squares on the Ob rows. Alternation
between these contrast modes can be obtained with a mod-
ification of the tip apex at the single-atom level. The contrast
transformation from protrusion to hole imaging modes through
some changes in the chemistry of the tip apex is a relatively
frequent event, which has been documented previously in the
literature [19] and explained recently by means of a hydrogen
adsorption that takes place on the lowermost atom of the tip
apex [23].
Figures 2(d)–2(f) display, respectively, protrusion mode,
hole mode, and neutral mode images of the TiO2(110) surface,
obtained after exposing the hydroxylated surface to the Pt
source. The really striking result coming from those images
is that Pt atoms appear as bright protrusions in all image
contrasts, even when the chemical state of the tip apex changes.
We note that the appearance of the Pt atoms in nc-AFM images
does not depend on the sample bias voltage applied to minimize
the long-range electrostatic forces. This characteristic feature
serves as a firm indication of the presence of the Pt and helps
to avoid confusion with the H atoms, as the latter appear
dissimilar in different imaging contrasts [see Figs. 2(a)–2(c)].
The difference in contrast between Pt and H is surprising as
(a) (d)
(b) (e)
(c) (f)
FIG. 2. (Color online) Room-temperature nc-AFM topography
images showing the appearance of the Pt atoms deposited on
h-TiO2(110) for the most common image contrasts. (a)–(c) Protrusion
mode image (8.25 × 8.25 nm2), hole mode image (7.25 × 7.25 nm2),
and neutral mode image (4.75 × 4.75 nm2) for the h-TiO2(110),
respectively. (d)–(f) Protrusion mode image (15 × 15 nm2), hole
mode image (20 × 20 nm2), and neutral mode image (12.75 ×
12.75 nm2) of the Pt/h-TiO2(110) surface, respectively. OH defects
are highlighted by square boxes. The arrows indicate single Pt atoms.
The acquisition parameters were as follows: (a) f0 = 163.014 kHz,
A = 4.8 nm, f = −22.9 Hz; (b) f0 = 166.55 kHz, A = 15 nm,
f = −0.95 Hz; (c) f0 = 167.44 kHz, A = 11.5 nm, f =
−0.73 Hz; (d) f0 = 166.42 kHz, A = 6.4 nm, f = −14.42 Hz,
Vs = 0.6 V; (e) f0 = 159.54 kHz, A = 14.6 nm, f = −4.6 Hz,
Vs = 0.95 V; (f) f0 = 167.91 kHz, A = 11.5 nm, f = −2.12 Hz,
Vs = 0.45 V.
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TABLE I. Adsorption energies [in eV, relative to the hollow (H)
site] and Pt-O and Pt-Ti bonding distances (in ˚A) and for Pt adsorbed
on different surface sites of TiO2(110) [see labels in Fig. 3(c)].
Slab model: 2 × 1 surface cell, four O-Ti-O trilayers, two lowermost
trilayers fixed to the bulk. The adsorption energy for the H site with
this calculation set up is 2.39 eV.
H Oin B Ti6f Ob Ti5f
Eads (this work, PBE) 0.0 0.01 0.39 0.26 0.64 1.08
Eads (Ref. [10], PW91) 0.0 0.11 0.13 0.26 0.70 0.95
dPt-O (this work) 1.98 1.98 2.04 1.91
dPt-Ti (this work) 2.50 2.72 2.63 2.44 2.37
both are electropositive species that tend to act as donors. The
evidence for the slightly positively charged Pt on TiO2 was
first presented by Salama et al. [29] and further discussed
later using kelvin probe force microscopy (KPFM) [30,31].
Both Pt atoms and clusters, deposited on a reduced TiO2(110),
showed small decreases in the local work function, indicative
of charge transfer from Pt to the surface. The work function
decrease over a single atom is ∼0.25 eV [31], whereas for the
clusters [30], the amount of charge per Pt atom was estimated
as  0.1 electron per Pt atom. Since both H and Pt atoms are
positively charged adsorbates on the TiO2 surface, the diverse
appearances of H atoms compared to the invariantly protruding
Pt atoms in different image contrasts suggest that a simple
model based on electrostatic interactions between a rigid tip
apex and surface cannot provide a satisfying explanation to the
observed contrast. We will discuss this crucial point further in
the following section, when we analyze the results of the force
spectroscopy experiments and simulations.
The high resolution topographic appearances of single Pt
atoms in various contrast modes provide the possibility to
identify the preferential binding sites of Pt atoms on the TiO2
surface. From the topography contrasts [Figs. 2(d)–2(f)], the
Pt atoms appear as elongated features approximately centered
on the Ti5f rows and confined between two Ob atomic rows.
For the neutral and the protrusion mode [Figs. 2(f) and 2(d),
respectively] the location of the Pt features with respect to the
atomic rows is most clear. However, in the latter case, the center
of the feature is slightly tilted from the center of the Ti5f rows.
We can attribute this slight difference to some small change in
the tip apex structure, leading to a slightly more asymmetric tip
apex for one of the two modes. In addition to single Pt atoms,
some larger features visible on the surface may be attributed
to either the presence of Pt compounds or Pt dimer structures
[see Fig. 2(f)] and will be discussed elsewhere.
The single Pt atoms thus appear to be adsorbed on a region
surrounding the Ti5f rows. This is in good agreement with the
results of previous theoretical studies of the Pt/TiO2(110) sys-
tem [10–12,32,33] and also with the results of our calculations,
summarized in Table I, where the relative energies and bonding
distances for the different sites are given. All the calculations
predict that the hollow site [see the structure in Fig. 3(a) and
the site marked as H in Fig. 3(c)] and the Oin site [Fig. 3(b),
marked as Oin in Fig. 3(c)] are the most stable adsorption
configurations. Pt is bonded to a Ti5f atom and to an Ob (Oin)
atom on the H (Oin) sites. These two configurations are very
close in energy, with the Oin site ∼110 meV higher in energy
FIG. 3. (Color online) Ball-and-stick structures for Pt atoms ad-
sorbed on TiO2(110). The same color code of Fig. 1 is used, with Pt
atoms represented by green balls. (a) Pt adsorbed on a hollow (H)
position, between two Oin atoms, with the Pt atom bound to one Ti5f
atom and one Ob atom. (b) Pt adsorbed on top of an Oin atom, forming
bonds with two Ti5f atoms and one Oin atom. (c) Top view of the
TiO2(110) surface indicating the different atomic sites and the easy
diffusion paths for Pt.
following Iddir et al. [10], and almost degenerate with the H
site according to our own results. The elongated shape of the Pt
atom is also consistent with our calculations and the analysis
of the full potential energy surface for Pt on TiO2(110)-(1 × 1)
performed by Iddir et al. [10] using a method similar to
our theoretical strategy. Pt features seem to span the whole
width of the area between two Ob rows and extend for several
unit cells. At room temperature, which corresponds to the
experimental conditions, and considering the possibility that
the tip may further help in reducing the energy barriers between
sites, it appears likely that, during the scanning time near
the Pt atom, the atom can jump among different sites. The
movement along the [001] direction, parallel to the Ob rows,
is not significantly limited at RT, as the barrier to overcome
is very similar to the difference in binding energies, of the
order of 0.1 eV following Iddir et al. [10,11] or even smaller
according to our results. Thus Pt atom can diffuse easily along
one-dimensional channels connecting the hollow and the Oin
sites [see Fig. 3(c)]. On the other hand, the confinement of the
Pt atom movement along the H-Oin channels, as encountered
in our experiment, might be caused by the surface as well
as the subsurface defects [34]. The presence of the surface
OH defects limits the migration of Pt atoms on the h-TiO2
surface, allowing one to image isolated single Pt atoms. In
the perpendicular direction, the Pt would have to jump over
the bridge site [marked as B in Fig. 3(c)] in order to connect the
two neighboring channels. This is possible because the limiting
barrier that Pt has to overcome in order to move over the bridge
site is small, given by the difference between the site energies
(∼0.2 eV, following Iddir’s work, or ∼0.4 eV, according to our
calculations). Energy barriers for jumping over the Ob atoms
are significantly larger, confining Pt effectively between the
Ob rows.
Our identification of the Pt binding site may appear in-
consistent with previous experimental results. Photoemission
spectroscopy studies [35] have concluded that, on reduced
TiO2 surfaces and at low coverage, the Pt atoms preferentially
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bind on Ti5f sites. This interpretation in the changes of the
spectra upon Pt adsorption is not in contradiction with our
theoretical results, which indicate that when Pt is adsorbed
on any of the most stable adsorption sites, hollow and Oin
[see Figs. 3(a) and 3(b)], it establishes chemical bonds with
the neighboring Ti5f atoms. This reflects in the projected
density of states of Pt on TiO2, as also confirmed by previous
theoretical works [12,36]. For the hydroxylated surface,
although there is no experimental evidence of such a bond
formation upon Pt adsorption, we expect a behavior similar
to that described for clean TiO2(110). In a previous combined
nc-AFM and KPFM study of single Pt adsorbates on TiO2 a
single contrast mode, probably protrusion, was observed. All
of the bright features were assigned to Pt, concluding that the
atom can sit on either the Ob or the Ti5f rows [31]. We think
that the features on the Ob rows might have been some H
adsorbates which were confused with Pt atoms. In our case,
the access to the different imaging modes is crucial in order to
provide an unambiguous identification of the Pt adsorbates.
B. Force spectroscopy curves
To get further insight into the nature of the tip-sample
interaction and the contrast mechanisms, we measured the
force versus distance curves over different surface sites for the
two most frequent contrast modes. Figure 4(a) displays one of
our set of forces corresponding to a protrusion mode tip over
the two brightest surface sites, Pt and OH. The forces over
the Pt atom are characterized by a minimum of ∼−1.1 nN
and those over the OH group are systematically smaller, with
a minimum at about −0.45 nN. The magnitude of the force
minimum over the OH site is slightly smaller than the one
obtained in our previous measurements at 80 K [23]. This
small change might be associated with a thermally activated
relaxation affecting the atomic positions at room temperature.
Such kind of events have been described previously in the
literature [37]. Although absolute values of force magnitude
have some variability, in all our experiments the forces over
Pt were systematically larger than those over OH for the full
distance range, implying that Pt atoms always have a brighter
nc-AFM contrast than the other atoms (O,Ti) in the surface.
The relative position of the force minima associated with the
OH and the Pt sites is also very reproducible for different
experiments. The distance difference is about ∼1.5 ˚A, with
the OH minimum appearing at shorter distances.
The results of our simulations with the O-terminated tip, see
Fig. 4(b), are consistent with the trends observed in the exper-
iments. The shape of the tip-sample interaction curves nicely
follows the one extracted from the experiments, with forces
on the Pt site larger than those on the OH site for the whole
distance range, and a crossing at a distance close to the OH
force minimum. The magnitude of the force is well reproduced
for the OH site, with a maximum attractive force of ∼0.55 nN
that is slightly larger than the one found in the experiment, but
is clearly overestimated for the Pt atom. We have explored
different alternatives but failed to provide a completely
satisfactory explanation for this discrepancy between theory
and experiment. First, we have tried other tip models. The
best candidate, with somewhat smaller forces on the Pt site,
is the doubly coordinated O-terminated tip model used in our
FIG. 4. (Color online) Tip-sample forces for the protrusion mode
imaging contrast of Pt/TiO2(110). (a) Experimental short-range
forces over Pt (green line) and OH (black line). Inset: nc-AFM image
of the surface region where the forces were measured. The green
and black arrows indicate the Pt and OH sites where measurements
were taken. The acquisition parameters were as follows: f0 =
160.17 kHz, A = 12.3 nm, f = −1.61 Hz. KPFM parameters:
Uac = 0.5 V, fac = 500 Hz. Image size: 3.5 × 3.5 nm 2. The tip-sample
distance in the experimental curves has been shifted to align the
attractive force minima of Pt atom with the theoretical calculations.
(b) Calculated forces over Pt and OH, with the same color code. Inset:
tip-sample structure over the Pt site at d = 4.25 ˚A. In our calculations,
the Pt is adsorbed on the most stable site [hollow; see Figs. 3(a)
and 3(c)].
previous study of the TiO2(110) surface [23]. This tip repro-
duces the important trends, including the relative position of
the force minima discussed below, but still gives us forces over
the Pt site that, although smaller than those in Fig. 4(b), are too
large compared to the experiment. We believe that a very blunt
tip is responsible for the observed discrepancy in the maximum
attractive forces. While such a tip can provide an image
contrast similar to that obtained with a sharp tip, the influence
of blunt tip appears at closer tip-sample distances around max-
imum attractive force. At such close distances, while the fore-
most atom of the apex interacts with Pt atom, the neighboring O
atoms over the tip apex may interact with the surface Ob atoms.
Thus an additional repulsive interaction with neighboring Ob
atoms can occur. The resulting repulsive force reduces the
attractive interaction force between tip and Pt atoms.
The larger forces on the Pt site and the relative position
of the force minima, appearing in Pt at distances which are
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1.76 Å
2.09 Å 3.28 Å
1.67 Å
d=4.25 Å d=4.5 Å
FIG. 5. (Color online) Tip-sample relaxations induced by the
interaction with an O-terminated tip. The structures over the Pt site
at d = 4.25 and 4.5 ˚A illustrate the large upward displacement of
the Pt (∼1 ˚A over the Ob surface atoms) associated with the strong
chemical interaction with the O atom at the tip apex. This relaxation
explains the relative position of the force minima on the Pt and OH
sites.
significantly larger [∼1 (1.5) ˚A according to simulations
(experiment)] than that over OH, is particularly striking
considering that both adsorbates, H and Pt, protrude similarly
with respect to the Ob atoms (∼1 ˚A). The key elements to
understand these two effects are the intrinsic strength of the
Pt-O interaction—a clear indication of the chemical reactivity
of the Pt adsorbates—and the strong atomic relaxations that
take place when the Pt from the surface and the O from the tip
start to interact chemically. These relaxations are illustrated
in Fig. 5, where the structures for d = 4.50 and d = 4.25 ˚A
(close to the force minimum) are displayed. The interaction
is strong enough to raise the Pt atom about 1 ˚A over the Ob
surface atoms, pulling the Ti5f atom bonded to it. The resulting
Pt-O distance (∼2 ˚A) is in the range characteristic of Pt-O
bonds (see Table I), indicating the formation of a chemical
bond. No significant relaxation takes place on the OH site,
and thus the force minima appear shifted 1 ˚A from each other.
Notice that the experimental distance between the minima is
somewhat larger, ∼1.5 ˚A. We attribute the underestimation of
this distance in the calculation to the limited description of the
tip elastic response provided by our tip model, where only the
four atoms closer to the apex are allowed to relax under
the tip-sample interaction.
We also measured the forces for hole mode imaging tips.
In Fig. 6(a), we show one representative set of observed
forces over Pt and Ob, which are the two brightest atoms in
this imaging mode. In this case, the interactions between the
tip and the imaged atoms are weaker, with force minima of
∼−0.25 nN and −0.38 nN for Pt and Ob, respectively. The
minimum over Pt appears at larger distances (about ∼1.75 ˚A
larger) than that for Ob. The reproducibility of these trends
in different measurements is also very good, with just slight
changes in the distance difference between two force minima.
FIG. 6. (Color online) Tip-sample forces for the hole imaging
mode of Pt/TiO2(110) surface. (a) Experimental short-range forces
over Pt (green line) and Ob (blue line). Inset: nc-AFM image of the
surface region where the forces were measured, with the green and
blue arrows indicating the Pt and Ob sites where the forces were
measured. The tip-sample distance in the experimental curves has
been shifted to align the attractive force minima of Pt atom with the
theoretical calculations. The acquisition parameters were as follows:
f0 = 158.33 kHz, A = 16.9 nm, f = −2.12 Hz, Vs = 1.0 V. Image
size: 5.5 × 5.5 nm2. (b) Calculated forces over Pt and Ob, with
the same color code. Inset: tip-sample structure over the Pt site at
d = 3.0 ˚A. The Pt atom is adsorbed on a hollow site (as in Fig. 4).
The forces are systematically larger over the Pt site for medium
to large distances, and this can be connected to the puzzling
fact that the Pt is the brightest atom of the surface also in the
hole mode.
In order to explain the contrast associated with the Pt
adsorbates, we have performed force calculations with our
OH-terminated, TiO2-based nanoapex approaching the two
brightest sites: Pt and Ob. We have obtained forces in very
good agreement with the results of the experiments [see
Fig. 6(b)]. The two calculated minima are of similar magnitude
to the observed ones, and their relative location is also
well reproduced. As discussed in our previous study on the
h-TiO2(110) surface [23], the interaction over the Ob site is
essentially due to hydrogen bonding. The interaction over the
Pt site appears to be of electrostatic nature. The OH bond of the
tip bends with the O staying on top of the Pt and the H lying out
of that line [see inset of Fig. 6(b)] to maximize the electrostatic
interactions between the nearest H, O, and Pt ions. This is the
same mechanism responsible for the interaction with the Ti5f
sites discussed in Ref. [23]. In that case the maximum attractive
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force was comparable to the one on the Ob, while in the case
of Pt, it is approximately half of that value. We can trace
back the reduced strength of the interaction to differences in
the effective charges of the two metallic species. Bader charge
analysis for the case where the Pt atom is adsorbed on a hollow
site gives values of +0.12, +2.16, and −1.08 electrons for Pt,
Ti (average), and O (average), respectively. These charges are
not modified significantly by the presence of the tip.
The main reason for the brighter appearance of the Pt atom
appears to be the surface topography: the Pt atom is about
1 ˚A higher than the Ob. This height difference, combined
with the relaxations induced by the tip-sample interaction, are
responsible for the appearance of the force minimum over
Pt at 1.5 ˚A further away from the surface than on the Ob
site, in good agreement with the experiment. For relatively
short tip-sample distances, the calculations predict that force
curves for Pt and Ob cross, leading to a contrast inversion with
Ob atoms appearing brighter. Experimental force curves also
support this contrast inversion, but, as in the protrusion case,
we were not able to collect images in that distance range.
IV. CONCLUSIONS
We have presented a study of single Pt atoms adsorbed
on h-TiO2(110) based on nc-AFM and complemented with
DFT simulations which help to interpret the results. We have
obtained high-resolution images of the surface for the most
frequent contrast modes, and all of them indicate that the Pt
atom can be distinguished from the H adsorbate due to its
characteristic shape and binding site (near the Ti5f rows), and,
particularly, because it is the brightest atom of the surface
for all contrast modes. The nc-AFM results are consistent
with the DFT picture of the adsorption and diffusion of Pt on
TiO2(110) and also with previous experimental works. The
region for adsorption and diffusion of Pt is that surrounding
the fivefold coordinated Ti atoms and confined between two
Ob atomic rows. It appears that the microscope tip helps
to lower some diffusion barriers. We have also presented
force spectroscopy data for the protrusion and hole imaging
modes and calculated tip-sample forces that are in very good
agreement with the observations. This provides further support
to the tip models used in this study, which were recently
proposed to explain the force spectroscopy of h-TiO2(110),
and are expected to be useful to study other adsorbates and
defects on TiO2 and other oxide surfaces. Recent work of
some of us on the identification of chemical species and the
characterization of defects on the anatase TiO2(101) surface by
simultaneous scanning tunneling and atomic force microscopy
confirms that OH-terminated TiO2 nanoclusters are useful tip
models to understand AFM imaging on these materials [38].
From the comparison between the experimental and the
calculated forces we have unveiled the imaging mechanisms
for Pt on the surface, and explained why it is the brightest
surface atom in the two contrast modes. This puzzling result
comes from a combination of the intrinsic strength of the
interaction with the Pt adatom—that reflects its chemical
reactivity and explains the important role it plays in catalysis—
and the relaxations induced by the tip-sample interaction. In
the protrusion mode, a chemical bond between Pt and the O
atom in the tip apex starts to form, and the effect is enhanced
by a tip-induced displacement that pushes the Pt atom almost
1 ˚A out from the surface, and singles it out from the OH defect.
In the hole imaging mode, a lateral deflection of the H terminal
atom exposes the O and makes the forces attractive over the
Pt site. This interaction is weaker than in the protrusion mode
due to the screening of the H atom but still strong enough to
induce an upward displacement of the Pt atom by 0.5 ˚A. This
relaxation sums up to the 1 ˚A height difference of Pt and Ob
sites, to explain the relative position of the force minima in the
spectroscopy curves and the fact that Pt represents the brighter
feature for the range of distances where nc-AFM imaging is
usually performed. We expect other positively charged metallic
adsorbates on TiO2 to have nc-AFM contrasts and tip-sample
interaction mechanisms similar to those described here for the
Pt adsorbate. One of such cases is the K adsorbate, which
has been reported to appear as a bright protrusion for various
nc-AFM contrast modes [34]. Thus the AFM contrast for
Pt and other metallic species seems to reflect its chemical
reactivity and provides an explanation for the important role
they play in catalysis. This supports the use of AFM not only
to characterize their adsorption structure but also to directly
probe their chemical activity.
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